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Syntheses. Synthesis of the DNP-dialkyne derivative 1 (Scheme S1).
NaOH (2.85 g, 118.9 mmol) was added to a solution of bis(2-
(2-hydroxyethoxy)-ethoxy)naphthalene (S1, 2.00 g, 5.95 mmol)
in THF (60 ml). A solution of propargyl bromide in PhMe (wt/wt
80%, 5.30 ml, 35.67 mmol) was then added to the suspension.
The heterogeneous mixture was heated at 60°C for 3 h and was
then filtered through celite. The solvent was evaporated under
reduced pressure. The resulting residue was dissolved in CH2Cl2
and washed with brine (2  50 ml). Evaporation of the solvent
afforded a yellow solid. Chromatography (SiO2, 1:4 Et2O/
CH2Cl2) provided 1 as a light yellow solid (1.90 g, 79%). 1HNMR
(500 MHz, CDCl3):   7.86 (d, 2H, 3J  8 Hz, Ar-H2/6), 7.35 (t,
2H, 3J  8 Hz, Ar-H3/7), 6.84 (d, 2H, 3J  8 Hz, Ar-H4/8), 4.31
(t, 4H, 3J 4 Hz, CH2O), 4.23 (d, 4H, 4J 2 Hz, OCH2C'CH),
4.01 (t, 4H, 3J  4 Hz, CH2O), 3.84 (t, 4H, 3J  4 Hz, CH2O),
3.75 (t, 4H, 3J  4 Hz, CH2O), 2.43 (t, 2H, 4J  2 Hz,
OCH2C'CH); 13C NMR (125 MHz, CDCl3):   154.2, 126.7,
125.0, 114.5, 105.6, 79.5 70.7, 69.8, 69.1, 67.8, 58.4. MS (ESI,
MeCN): Calcd for C24H28O6Na (MNa)m/z 435.18. Found
m/z  435.20.
Synthesis of the stopper 4 (Scheme S2). A suspension of 2,6-
diisopropylphenol (5.0 g, 28.05 mmol) and anhydrous K2CO3
(11.63 g, 84.14 mmol) in dry DMF (140 ml) was heated to 60°C
under Ar for 0.5 h. The mixture was then cooled down to room
temperature and propargyl bromide (4.34 g, 36.46 mmol) was
added from a syringe. The mixture was stirred for 4 h at 60°C,
cooled, and then poured into ice-water. The resulting aqueous
solution was washed with CH2Cl2 (3 25 ml), and the combined
organic layers were dried (Na2SO4) and concentrated. Purifica-
tion by column chromatography (SiO2, 1:9 EtOAc/hexanes)
provided 4 as a colorless oil (3.65 g, 60%). 1H NMR (500 MHz,
CDCl3):   7.17 (m, 3H, both Ar-H), 4.53 (d, 2H, 4J  2 Hz,
CH2O), 3.46 (septet, 2H, 3J 7 Hz, CH(CH3)2), 2.58 (t, 1H, 4J
2 Hz, OCH2C'CH), 1.30 (d, 12H, 3J  7 Hz, CH3); 13C NMR
(125MHz, CDCl3):  152.6, 141.9, 125.2, 124.0, 61.9, 26.6, 24.0.
MS (EI): Calcd for C15H20O m/z  216.15. Found m/z  216.10.
Synthesis of the DNP-monoalkyne derivative S2 (Scheme S3). NaOH
(2.85 g, 118.9 mmol) pellets was added to a solution of bis(2-
(2-hydroxyethoxy)-ethoxy)naphthalene (S1, 2.00 g, 5.95 mmol)
in THF (60 ml). A solution of propargyl bromide in PhMe (wt/wt
80%, 0.88 ml, 5.95 mmol) was then added. The mixture was
heated to 60°C for 3 h before being filtered through celite. The
solvent was evaporated under reduced pressure. The residue was
dissolved in CH2Cl2 and was washed with brine (2  50 ml).
Evaporation of the solvent under reduced pressure afforded a
yellow solid. Column chromatography (SiO2, 2:8 Et2O/CH2Cl2)
provided S3 as a light yellow solid (1.03 g, 79%). 1H NMR (500
MHz, CDCl3):   7.88 (d, 1H, 3J  8 Hz, Ar-H6), 7.86 (d, 1H,
3J  8 Hz, Ar-H2), 7.36 (t, 1H, 3J  8 Hz, Ar-H7), 7.35 (t, 1H,
3J  8 Hz, Ar-H3), 6.85 (d, 2H, 3J  8 Hz, Ar-H4/8), 4.31 (t, 4H,
3J  4 Hz, CH2O), 4.23 (d, 2H, 4J  2 Hz, OCH2C'CH),
4.02–3.99 (m, 4H, CH2O), 3.84–3.73 (m, 8H, CH2O), 2.43 (t, 1H,
4J 2Hz, OCH2C'CH), 1.80 (s, 1H, OH); 13CNMR (125MHz,
CDCl3):  154.2, 154.1, 126.7, 126.6, 125.1, 125.0, 114.7, 114.5,
105.7, 105.6, 79.6, 74.6, 72.6, 70.6, 69.7, 69.6, 69.1, 67.8, 67.7, 61.6,
58.3. MS (ESI, MeCN): Calcd for C21H26O6Na (MNa)m/z
397.16. Found m/z  397.17.
Synthesis of the polymer-supported DNP S4 (Scheme S4). A mixture of
NaN3 (0.975 g, 15.0 mmol) and chloromethylated polystyrene
resin (cross-linked with 1% DVB, 200–400 mesh, Cl content 
1.2 mmol/g, 0.83 g) was suspended in DMF (20 ml). The
suspension was shaken overnight at 80°C and was filtered. The
solid was washed with DMF (3  10 ml), H2O/DMF (1:1) (3 
10 ml), H2O (3  10 ml), and finally dried under vacuum
overnight to afford S3 as a yellow powder. S3 (0.6 g) was
suspended in a solution of S2 (248 mg, 0.663 mmol), ascorbic
acid (5.8 mg, 0.033 mmol) and CuSO4 5H2O (4.2 mg, 0.017
mmol) in DMF (10 ml). The suspension was shaken at room
temperature under Ar overnight before being filtered. The solid
was washed with DMF (3 10 ml), H2O/DMF (1:1) (3 10 ml),
MeOH (3  10 ml), CH2Cl2 (3  10 ml) and was dried under
reduced pressure overnight to afford S4 as a yellow-green
powder.
Synthesis of the DNP monoazide S5.A solution of tosyl chloride (2.04
g, 10.7 mmol) in dry CH2Cl2 (20 ml) was added dropwise to a
solution of 1 (1.50 g, 4.46 mmol), NEt3 (6.2 ml, 44.6 mmol) and
DMAP (109 mg, 0.892 mmol) in dry CH2Cl2 (45 ml) at 0°C. The
mixture was allowed to warm up to room temperature. After
10 h, the solution was washed with dilute aqueous HCl (50 ml,
1 M), aqueous Na2CO3 (2 350 ml) and H2O (2 100 ml), and
dried (MgSO4). Evaporation of the solvent afforded a white
solid. The solid was redissolved in dry DMF and NaN3 (3.50 g,
50.0 mmol) was added to the solution. The suspension was
shaken at 80°C overnight. Solid was removed from the solution
by filtration and solvent was removed under reduced pressure.
Purification by chromatography (SiO2, 1:9 Et2O/CH2Cl2) pro-
vided S5 as a white solid (2.35 g, 91%). 1H NMR (500 MHz,
CDCl3):   7.82 (d, 2H, 3J  8 Hz, Ar-H2/6), 7.34 (t, 2H, 3J 
8 Hz, Ar-H3/7), 6.81 (d, 2H, 3J  8 Hz, Ar-H4/8), 4.21 (m, 8H,
CH2O), 3.91 (t, 4H, 3J  4 Hz, CH2O), 3.83 (t, 4H, 3J  4 Hz,
CH2O); 13C NMR (125 MHz, CDCl3):   154.1, 144.7, 132.8,
129.7, 127.8, 126.6, 125.1, 114.6, 105.6, 69.8, 69.3, 68.9, 67.8, 21.5.
MS (ESI, MeCN): Calcd for C18H23N3O5 (M  Na) m/z 
384.15. Found m/z  384.18.
Synthesis of the tri-DNP derivative S6. The DNP monoazide S7 (130
mg, 0.36 mmol), the DNP dialkyne derivative 1 (144 mg, 0.059
mmol), ascorbic acid (5.1 mg, 0.029mmol) and CuSO45H2O (3.6
mg, 0.014 mmol) were dissolved in DMF (2ml). The solution was
stirred under Ar overnight. The solvent was removed under
reduced pressure. Purification by column chromatography
(SiO2, 5:95 MeOH/CH2Cl2) provided S8 as a yellow solid (144
mg, 90%). 1H NMR (500 MHz, CDCl3):   8.04 (s, 2H,
Triazole-H), 7.85–7.76 (m, 6H, Ar-H2/6 and -H2/6), 7.35–7.26
(m, 6H, Ar-H3/7 and -H3/7), 6.81–6.75 (m, 6H, Ar-H4/8 and
-H4/8), 4.55–3.77 (m, 48H, CH2O), 3.44 (s, 4H, CH2-Triazole),
2.18 (b, 2H, OH). 13C NMR (125MHz, CDCl3):  154.3, 154.2,
154.1, 126.8, 126.7, 126.7, 125.3, 125.2, 125.2, 125.2, 114.7, 114.6,
114.5, 105.9, 105.7, 72.7, 70.9, 69.8, 69.8, 69.7, 69.7, 69.7, 67.9,
67.7, 64.5, 61.8, 58.5, 58.4. MS (FAB): Calcd for C60H74N6O16
m/z  1134.52. Found m/z  1134.52.
Synthesis of the tri-DNP diazide derivative S9. A solution of tosyl
chloride (80.6 mg, 0.423 mmol) in dry CH2Cl2 (2 ml) was added
dropwise to a solution of S8 (200 mg, 0.176 mmol), NEt3 (0.21
ml, 1.76 mmol) and DMAP (4.3 mg, 0.892 mmol) in dry CH2Cl2
(5 ml) at 0°C. The mixture was allowed to warm up to room
temperature. After 10 h, the solution was washed with dilute
aqueous HCl (5 ml, 1 M), aqueous Na2CO3 (2  3 ml) and H2O
(2  3 ml). The organic layer was dried (MgSO4). Evaporation
of the solvent under reduced pressure afforded a yellow solid.
The solid was redissolved in dry DMF and NaN3 (140 mg, 2.08
mmol) was added in the solution. The suspension was stirred at
80°C overnight. Solid was removed from the solution and solvent
was removed under reduced pressure. Purification by chroma-
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tography (SiO2, CH2Cl2 eluent) provided S9 as a brown solid
(160 mg, 85%). 1H NMR (500 MHz, CDCl3):   8.04 (s, 2H,
Triazole-H), 7.85–7.76 (m, 6H, Ar-H2/6 and -H2/6), 7.35–7.26
(m, 6H, Ar-H3/7 and -H3/7), 6.81–6.75 (m, 6H, Ar-H4/8 and
-H4/8), 4.55–3.77 (m, 48H, CH2O), 3.44 (s, 4H, CH2-Triazole).
13C NMR (125 MHz, CDCl3):   154.3, 154.2, 154.1, 126.8,
126.7, 126.6, 125.3, 125.3, 125.2, 125.1, 114.7, 114.6, 114.5, 105.9,
105.7, 72.7, 70.9, 69.8, 69.8, 69.7, 69.7, 69.6, 67.7, 67.7, 64.5, 61.8,
58.5, 58.4. MS (FAB): Calcd for C60H72N12O14 m/z  1184.53.
Found m/z  1184.55.
Synthesis of the [2]Rotaxane 6  4PF6 (Scheme S5).A solution of CBPQT
 4PF6 (46.6 mg, 0.0422 mmol) and S9 (50.0 mg, 0.0422 mmol) in
DMF (2 ml) was stirred at room temperature overnight to form
the purple pseudorotaxane [S9CBPQT] 4PF6. Stopper 4 (45.5
mg, 0.211 mmol), ascorbic acid (1.5 mg, 0.00825 mmol) and
CuSO45H2O (1.1 mg, 0.00417 mmol) were then added to the
solution. The mixture was stirred under Ar at room temperature
overnight. Polymer-supported DNP S6was added to the solution
for 10 min before being removed by filtration. The solvent was
removed under reduced pressure and the purple solid purified by
preparative TLC (5% NH4PF6 wt/vol in Me2CO mobile phase),
affordoing 6  4PF6 as a purple solid. 1H NMR (500 MHz,
CD3CN, 245 K):   8.53 (d, 4H, 3J  7 Hz, -H), 8.28 (d, 4H,
3J  7 Hz, -H), 8.01 (s, 2H, Triazole-H), 7.98 (s, 2H, Triazole-
H), 7.76 (s, 4H, C6H4), 7.68 (s, 4H, C6H4), 7.41 (d, 2H, 3J 8 Hz,
Ar-H8), 7.30 (t, 2H, Ar-H7), 7.18–7.04 (m, 10H, Ar-H3/4 and
Stopper-Ar-H), 6.82 (d, 4H, 3J  7 Hz, -H), 6.77 (d, 2H, 3J 
8 Hz, Ar-H6), 6.65 (d, 4H, 3J  7 Hz, -H), 6.59 (d, 2H, 3J  8
Hz, Ar-H2), 5.85 (d, 2H, 3J  8 Hz, Ar-H2/6), 5.59 (t, 2H, 3J 
8 Hz, Ar-H3/7), 5.34 (d, 4H, 2J  14 Hz, CH2), 5.23 (d, 4H, 2J 
14 Hz, CH2), 4.69–3.83 (m, 28H, CH2O), 3.36 (septet, 2H, 3J 
7 Hz, CH(CH3)2), 1.90 (d, 2H, 3J 8 Hz, Ar-H4/8), 1.16 (d, 12H,
3J  7 Hz, CH(CH3)2). MS (ESI, MeCN): Calcd for
C126H144F12N16O16P22 ([62PF6]2) m/z  1214.01. Found
m/z  1214.08, C126H144F6N16O16P3 ([6PF6]3) m/z  760.02.
Found m/z  760.07.
Chromatographic and Spectroscopic Characterizations. Infrared spec-
troscopy. The progress of the stoppering reaction was monitored
by infrared (IR) spectroscopy (Fig. S1). The azide-bearing end
group of the pseudopolyrotaxane [3nCBPQT]4nPF6 displays
a typical -N3 vibration absorbance at 2103 cm1. This absorption
disappears 12 h after the alkyne-bearing stopper 4 and catalytic
CuSO45H2O and ascorbic acid were added to the reaction
mixture, indicating the stoppering process is complete.
COSY 1H NMR study. The assignment of protons from CBPQT4,
included DNP, and alongside DNP was facilitated by employing
COSY 1H NMR in CD3CN at 245 K (Fig. S4).
Calculation of CBPQT coverage on the polymer chain.The incorporation
of CBPQT4 rings into the polyrotaxanes was determined to be
90% (5a4nPF6), 74% (5b4nPF6) and 58% (5c4nPF6) of
CBPQT4 per repeat unit by 1H NMR spectroscopy (Fig. S2), as
a result of comparing the integration of the CBPQT4 -proton
resonances with those of the collective glycol methylene reso-
nances of the polymer backbone found between 3.5 and 5.0 ppm.
VT NMR Studies. The folding of the polyrotaxanes was also
indentified by the comparison of the NMR spectra (Table S1) of
the [2]pseudorotaxane [7CBPQT]4PF6, the [2]rotaxane
64PF6 and polyrotaxane 5c4nPF6. And the activation barrier of
coalescence (Table S2) of the CBPQT4 -CH, -CH, aromatic
C6H4, and methylene proton resonances was also determined.
General Procedure for Atomic Force Microscopy. Atomic force mi-
croscopy (AFM) was carried out under ambient conditions with
a Nanoscope V Dimension 5000 (Veeco Digital Instruments).
Phosphorus n-doped silicon cantilevers (MPP-22100, Veeco
Probes) with spring constants of 0.9 N/m, tip radii of 10 nm, and
first longitudinal resonance frequencies from 31–49 kHz were
used in tapping mode. Height and phase images were acquired
simultaneously from multiple samples and reproduced with a
minimum of three different cantilevers. Samples were prepared
by simple drop-casting 50 nM DMF solutions of either polymer
onto freshly cleaved, highly ordered pyrolitic graphite (HOPG).
The solution was removed under a stream of dry nitrogen, and
the substrate was subsequently dried over 48 h in an evacuated
dessicator.
Analyses of molecular dimensions were carried out after
simple plane fitting of the acquired images. For all reported
molecular dimensions, cross-sectional measurements consist of
50 data points taken from five different samples for a total of 250
data points per molecular system. In all cases, the measured
dimensions did not vary significantly between different samples
or cantilever probes.
Simple statistical analyses were performed on all measure-
ments to provide mean values. Variations in height and width
between molecular systems were determined to be statistically
different at a 99.95% confidence level with corresponding P
values  0.0001.
Nonlinear curve fitting of molecular widths and heights was
carried out using the nonweighted LogNormal function:
y
A
2wxe
ln xxC2
2w2 ,
while fitting of measured molecular lengths was carried out using
the nonweighted, bimodal LogNormal function:
y
A
2wxe
ln xxC2
2w2 
B
22wxe
ln x2xC2
8w2 ,
where A and B are the magnitude of counts within the dataset,
w is the width of the fitted peak, x is the height coordinate, and
xc is the center position of the major peak. Tabulated results can
be are provided in Table S3.
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Fig. S1. Gel permeation chromatography of polymer thread 3 (a–c) and polyrotaxane 54nPF6(a–c).
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Fig. S2. IR spectra of the pseudopolyrotaxane [3nCBPQT]4nPF6 (a) and the polyrotaxane 54nPF6 (b).
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Fig. S3. COSY 1H NMR spectrum of the [2]rotaxane 64PF6 at 245 K. (a) Correlations of -CH and -CH in CBPQT4. (b) Correlations of protons from alongside
DNP. (c) Correlations of protons of N-CH2 and protons from included DNP.
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Fig. S4. Partial 1HNMRspectraofCBPQT4Handglycolmethyleneof thepolyrotaxane5a4nPF6.Given that complete coveragewoulddisplay a1:4 integration
ratio, a coverage of 90% of the repeat units was determined by using the formula 4H/HCH2.
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Scheme S1. Synthesis of the DNP-dialkyne derivative 1.
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Scheme S2. Synthesis of the stopper 4.
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Scheme S3. Synthesis of the DNP-monoalkyne derivative S2.
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Scheme S4. Synthesis of the polymer-supported DNP S4.
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Scheme S5. Synthesis of the [2]rotaxane 64PF6.
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Table S1. Induced 1H NMR chemical shift changes for the [2]pseudorotaxane [7CBPQT]4PF6
Proton
[2]Pseudorotaxane [7CBPQT]4PF6 [2]Rotaxane 64PF6
Polyrotaxane
5c4nPF6
uc c (243 K) 	 uc c (245 K) 	 c (245 K)
CBPQT4
-CH 8.86 8.68 0.18 8.86 8.50 0.36 8.45
8.12 0.74 8.25 0.61 8.19
-CH 8.16 6.63 1.53 8.16 6.79 1.37 6.73
6.57 1.59 6.62 1.54 6.55
C6H4 7.52 7.84 0.32 7.52 7.73 0.21 7.51
7.71 0.19 7.65 0.13
N-CH2 5.74 5.43 0.31 5.74 5.31 0.33 5.19
DNP 5.33 0.41 5.20 0.54
Included H-4/8 7.82 2.41 5.41 7.84 1.87 5.97 N/A
Included H-3/7 7.34 5.60 1.74 7.40 5.56 1.64 5.44
Included H-2/6 6.95 5.90 1.05 6.94 5.82 1.12 5.69
Alongside H-4 7.77 7.32 0.45 7.76 7.12 0.64 7.23
Alongside H-8 7.79 7.33 0.46 7.79 7.38 0.41 7.23
Alongside H-7 7.34 7.16 0.18 7.38 7.27 0.11 7.10
Alongside H-3 7.32 7.07 0.25 7.35 7.01 0.34 7.10
Alongside H-6 6.88 6.69 0.17 6.89 6.74 0.15 6.54
Alongside H-2 6.82 6.40 0.42 6.88 6.56 0.32 6.54
The [2]rotaxane64PF6andpolyrotaxane5c4nPF6 inCD3CNsolution.  uc is the chemical shift in the500MHz1HNMRspectrumrecorded inCD3CNof theprotons
of each component in the unencircled state at 245 K.  c is the chemical shift of the protons observed in the 500 MHz 1H NMR spectrum of the encircle systems.
	    c   uc.
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Table S2. Thermodynamic parameters for the unfolding processes which leads to coalescence of CBPQT4 resonances in 64PF6
Probe proton 	  (Hz) kC (s1) TC (K) 	 GC‡ (kcal mol1)
 -CH 154.9 342.5 307 12.4
 -CH 103.2 227.0 290 12.0
CH2 64.8 143.3 276 11.7
	  is the chemical shift difference (in Hertz) between the coalescing signals at low temperature in the absence of exchange. kC is calculated from the
expression, kC  (	  )/21/2. TC is the temperature of the spectrometer probe at coalescence. The Eyring equation was employed to calculate activation energy
	 GC‡ (1).
1. Amabilino DB, et al. (1995) Molecular meccano 3: Constitutional and translational isomerism in [2]catenanes and [n]pseudorotaxanes. J Am Chem Soc 117:11142–11170.
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Table S3. Combined statistical analysis data for the polymer thread and the polyrotaxane molecular dimensions
Molecule Dimension Mean value, nm (
 SD) Fitted value, nm (
 SD) Fit R2 value
Polymer thread 3c Length 78.2 
 34.2 55.2 
 0.4 0.834
Width 20.6 
 2.7 21.1 
 0.1 0.998
Height 0.81 
 0.15 0.78 
 0.01 0.907
Polyrotaxane 5c4nPF6 Length 75.2 
 31.1 46.6 
 0.7 0.852
Width 44.2 
 12.3 40.6 
 1.3 0.813
Height 1.10 
 0.14 1.12 
 0.01 0.889
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